ABSTRACT
INTRODUCTION
Torulene and torularhodin are carotenoid biopigments that are found in several red yeasts, such as Rhodotorula glutinis and Sporobolomyces ruberrimus. These microorganisms also produce carotene, although in smaller amounts. The total production and the proportion of the three carotenoids depend on the incubation conditions (Tinoi et al. 2005) . Torularhodin shows a considerable antioxidant activity (Breierová et al. 2008 ) that helps the stabilization of membranes under stress conditions (Gorbushina et al. 2008) . These carotenoids are beneficial because they are precursors of vitamin A and hormones and they have antiaging and antioxidant capacity. They may also prevent certain types of cancer, and enhance the immune system (Buzzini et al. 2005; Breierová et al. 2008) . These possibilities make torularhodin and torulene a hot research topic in carotenoid biotechnology. The production and use of these pigments is still in developmental stage. It is only recently that active search for producer strains started, and there is not yet industrial production, no consensus about best culture media and only partial information in terms of the regulation of its biosynthesis in the cultures, through the manipulation of physico-chemical conditions. While biosynthesis pathways for the production are well studied, the downstream and physiological effects of these pigments are still under study, and are an absolute requirement for widespread use of these pigments to occur. This review compiles relevant information about torularhodin and torulene bioproduction, and the perspectives of its future uses.
TORULENE AND TORULARHODIN
Carotenoids are a class of natural pigments which are polyunsaturated, fat soluble, and mostly found in the plants, algae and photosynthetic bacteria. Carotenoids play an important role in the photosynthetic process. They are also found in non-photosynthetic bacteria, yeast and fungi, protecting these organisms from the damages generated by light and oxygen (Ni et al. 2005) . These molecules are tetraterpenes whose color ranges from yellow to orange and up to red (Aksu and Eren 2005) . Carotenoids are widespread in nature and have a large diversity, but some are more common (β-carotene, lycopene, lutein, etc.), being found in several vegetables and animal tissues. Karrer et al. (1951) had reported some substances that they described as "non-familiar" carotenoids, including torularhodin, which showed action as pro-vitamin A. Gribanovski-Sassu and Foppen (1968) , described torularhodin as a product of the oxidation of torulene, which was derived directly from -carotene. Subsequently, Moore et al. (1989) reported torularhodin in R. mucilaginosa as a carotenoprotein, a complex that was expected to be more water-soluble and stable than the free carotenoid. The molecular structures of torularhodin and torulene are presented in Figure 1 .
The most significant characteristic of carotenoids is the conjugated double bond system that determines their color and biological action (Irazusta et al. 2013 ). Torulene, the major carotenoid of R. mucilaginosa, is an interesting carotenoid for industrial applications. It has 13 double bonds, has red color, in contrast to other carotenoids produced by the microorganisms such as carotene, which has a yellow to orange color, depending on the concentration (Maldonade et al. 2008) , and astaxanthin, which gives the characteristic salmon color (Moriel et al. 2005) . Torulene and torularhodin have one -ionone ring and a longer polyene chain than that of -carotene (Sakaki et al. 2001) . Besides that, torularhodin is one of the few carotenoids with carboxylic acid function, and shows a considerable antioxidant activity (Sakaki et al. 2002) . This characteristic accounts for its polar properties. The absorption maxima of torulene and torularhodin varies between 400 to 550nm, thus giving the characteristic red appearance of the pigment solution. Table 1 present absorption maxima for both these. 
Sources of Torulene and Torularhodin
A number of microorganisms, including bacteria, algae, mold and yeasts, produce a broad range of carotenoids, including -and carotene, torulene, lycopene and astaxanthin Gribanovski-Sassu 1969, Irazusta et al. 2013 ). Villoutreix (1960) showed that the yeast Rhodotorula mucilaginosa produced four main pigments: torularhodin, torulene, carotene and carotene. Moore et al. (1988) found torularhodin in the same yeast. Torulene was also found in a nematophagous fungus, Arthrobotrys oligospora (Valadon and Cooke 1962) . The first time a ketocarotenoid with the characteristics of torularhodin had been isolated as a fungal metabolite was in 1966, from Epicoccum nigrum (Gribanovski-Sassu and Foppen 1968) . Two years later, this fungus was discovered to produce torularhodin from carotene (Gribanovski-Sassu and Foppen 1968). All animals that have these pigments on their bodies got them by absorption of food, like fishes and flamingos (Bjerkeng et al. 2007 ). In 1986, both pigments were found in butterflies. Probably the carotene absorbed from the food is converted into torulene, which in turn is converted into torularhodin in these insects (Czeczuga 1986) . Torulene was also found in Gibberella fujikuroi (Avalos et al. 1988) . It was also observed that factors such as light, mycelial age and mutation affected the total amount of terpenoids formed and also altered the relative amounts produced in the three classes of terpenoids investigated. Lichens of the species Nephroma laevigatum were demonstrated to contain torulene too (Czeczuga et al. 1986) , and yet another fungus, Scutellinia umbrarum, was found to have torulene as its major carotenoid. With this study, it was possible to identify that carotenogenesis was photodependent in this fungus (Schrantz and Lemoine 1995) . It was only in 1990s that the torulene and torularhodin were regarded as potentially useful substances by their own right (Razavi and Marc 2006) . Before that, they were mentioned as uncommon carotenoids (Moore et al. 1989 ). In the last decade, the studies about the production of these pigments has increased, especially motivated by their potencial benefits (Razavi and Marc 2006) . There are many other microorganisms that synthesize torularhodin and torulene, like: Cystofilobasidium infirmominiatum, C. capitatum (Herz et al. 2007) , Sporobolomyces roseus (Herz et al. 2007; Weber et al. 2007) , Rhodotorula rubra (322.6 µg/ L medium) (Ungureanu et al. 2012) . The fungus Neurospora crassa produces torulene and torularhodin and is widely used in research (Hausmann and Sandmann 2000; Estrada et al. 2008) .
Role of torulene and torularhodin in Microorganisms
In the process of photosynthesis, chromophores absorb light, and the energy absorbed is transferred to chlorophyll. This antenna function of carotenoids extends the wavelength range accessible for the collection of light for uphill transmembrane proton transport (Balashov et al. 2005) . However, microbial carotenoids have biological significance other than their antenna function in photosynthesis. These other functions have been deduced from their presence in fungi and non-photosynthetic bacteria (Sakaki et al. 2002) . The most important physiological role of carotenoids in red yeasts may be as antioxidants in situations of high oxidative stress (Madhour et al. 2005) , and also as light-quenching pigments (Irazusta et al. 2013) . The important protective role of carotenoids in the oxidative stress response caused by reactive oxygen species has also been demonstrated in the alga Haematococcus pluvialis (Méndez-Álvarez et al. 2000) . A study demonstrated that a mutant, R. mucilaginosa RCL-11 strain, expressed three major carotenoids identified as torularhodin, torulene and carotene in major quantities (Irazusta et al. 2013) . Another mutant, R. glutinis no. 21, increases its production of torularhodin for protection against membrane impairment by activated oxygen molecules, reinforcing the idea that torularhodin has an antioxidant role in the cells (Sakaki et al. 2000) . The red yeast Dioszegia under oxidative stress enhances the production of torularhodin (Madhour et al. 2005) . R. glutinis isolated from soil are shown to have low resistance to light, and their growth is inhibited by illumination with white light of weak intensity. During this process, torularhodin was abundantly biosynthesized in the yeast, indicating that increased the production of torularhodin played an important role in defense against peroxyl radicals and singlet oxygen. Acquisition of the capacity to synthesize torularhodin, an agent that enables the yeast to grow in various environments, appears to have been crucial. That is, the capacity to biosynthesize torularhodin, which have a scavenging activity towards peroxyl radicals and singlet oxygen, is significant for the survival of a yeast species with wide distribution in nature (Sakaki et al. 2002) . The same was proved by other studies like one made by Herz et al. (2007) , where they found that the production of torulene and torularhodin in pure culture was dependent on enhanced oxidative stress, suggesting a cell protective role. Moliné et al. (2010) tested the cell UV-B resistance in different strains of the yeast Rhodotorula mucilaginosa. A positive correlation between total carotenoids and survival to UV-B radiation was found, but when individual carotenoid concentrations were tested, only torularhodin was found as significantly related to survival against UV-B. Moore et al. (1989) reported that the addition of carotene completely prevented hyperoxiainduced cytotoxicity in R. mucilaginosa cells in which carotenogenesis had been blocked by diphenylamine. Therefore, the conclusion was that in yeast, carotenoids were an effective antioxidant when the dissolved oxygen concentration was high.
Carotenoid Biosynthesis
Carotenoid biosynthesis is known to follow the condensation of isoprenoid units into phytoene, a 40-carbon atoms backbone. This molecule is then converted, depending on the organism, into other acyclic carotenoids such as lycopene, and eventually one or both molecule terminals are cyclized into a ionone ring such as in carotene. There are two independent cyclization routes giving as end products either torulene or carotene (Hausmann and Sandmann 2000) . It was found that torularhodin could be regarded as an oxidation product of torulene, which was derived directly from carotene (GribanovskiSassu and Foppen 1968) . Figure 2 shows the most representative steps and products in carotenoid biosynthesis. Phaffia rhodozyma, another red yeast, produces in large scale the carotenoid pigment astaxanthin, but this yeast has also the ability to produce torulene in its metabolic pathway . The same applies to another astaxanthin producer, the alga Haematococcus pluvialis (Méndez-Álvarez et al. 2000) . These pigments can be found mainly distributed in fish because of its food intake, vegetable and microorganisms, like especially R. glutinis (Sakaki et al. 2002; Herz et al. 2007; Weber et al. 2007 ). Foppen and Gribanovski-Sassu (1969) tested the effect of diphenylamine on carotenoid production in E. nigrum (Foppen and Gribanovski-Sassu 1969) . Diphenylamine, a specific inhibitor of carotenogenesis, was added to the cultures at the onset of incubation. The mechanism of diphenylamine-induced blockade of carotenogenesis has been proposed to result from the inhibition of dehydrogenases that desaturate the intermediate, phytoene, to form carotene. Inhibition of carotenogenesis by diphenylamine results in an accumulation of phytoene. White light (3500 lux) from a fluorescent lamp was irradiated during the incubation period of a fermentation of R. glutinis. Methylene blue (MB), methylviologen (MV) and AAPH [2,2"-azobis(2-amidinopropane) dihydrochloride] were used as generators of singlet oxygen, superoxide anions and peroxyl radicals, respectively. All the generators enhanced the carotenoid biosynthesis, particularly MV which indicated remarkable effectiveness. However, no generator enhanced the production of carotene, whereas each active oxygen species and radical enhanced that of torularhodin and torulene. Production of the latter increased up to about twofold, and a 2.0-to 2.5-fold increase was observed for torularhodin production. Torulene and torularhodin were produced at a total quantity of 1.5mg/100 g cdw (cell dry weight), which was approximately double that produced in the non-added group (0.75 mg/100 g cdw). The result showed that oxidative loading activated the pathway for torularhodin production. Torularhodin showed increased production even after MV was added, and torularhodin was presumed to have the inherent capacity to eliminate superoxide anion. These results suggested that superoxide anions generated by the addition of MV were not responsible for torularhodin production by way of direct interaction with yeast cells. It appeared that increased production of torularhodin did not result from the presence of superoxide anions in the medium, but instead, it occurred as a preventive and protective response against subsequent chain reaction of lipoperoxidation. The addition of MB, which generated singlet oxygen, resulted in an increased production of torularhodin, possibly due to removal of singlet oxygen (Sakaki et al. 2002) .
Antioxidant and Pro-vitamin A Activity
Torularhodin has been demonstrated to protect against oxidative stress and is considered to be one of the most important carotenoids for such protection among the carotenoids produced in yeasts. The abilities of carotene and torularhodin to quench singlet oxygen were evaluated by monitoring, in the presence of the two carotenoids, DPBF (2,5-diphenyl-3.4-benzofran) decomposition caused by singlet oxygen generated from EPA (3-(1,4-Epidioxyl-4-methyl-1.4-dehydro-1-naphtyl)propionic acid) (Table 2) . When carotene and torularhodin were added at the same molar concentration, the decomposition of DPBF in the presence of torularhodin was slower than that in the presence of carotene. This indicated that torularhodin more effectively quenched singlet oxygen than carotene (Sakaki et al. 2002) . References: 1) (Sakaki et al. 2002) 2) (Simpson 1983) .
It is likely that the more potent quenching ability of torularhodin is due to its longer polyene chain (Sakaki et al. 2001) . The antioxidant effect of carotenoids has been determined (a) by varying the peripherals (rings, substituents) keeping the polyene chain constant, or (b) by keeping the peripherals constant varying the chain lengths. However, it is commonly assumed that the longer the polyene chain, the better the antioxidant properties. On the other hand, systematic measurements with different carotenoids have suggested an optimal chain length for diverse functions, e.g., 11 double bonds for singlet oxygen quenching, 7 and 11 or 9 and 11 double bonds for photo bleaching protection, 10 or 9 and 11 double bonds for light harvesting function, and 7 double bonds for photon-to-current conversion (solar cell) (Zaidi et al. 2013) . Some carotenoids are precursors of vitamin A, which is formed by the enzymatic hydrolysis of the carotenoid molecule (Maldonade et al. 2008; Irazusta et al. 2013) . Torularhodin has the requirement for provitamin A activity, i.e., a ring without substituents and a lateral polyene chain of 11 carbons (Maldonade et al. 2008) , and has an provitamin A activity which is 75% that of carotene (Simpson 1983) .
Besides the antioxidant and vitamin activity of carotenoids, other effects such as antiinflammatory and antimutagenic have been investigated. Rats infected with Helicobacter pylori had been fed with the diets supplemented with carotenoids, and the gastric inflammation decreased significantly, as well as the quantity of the bacteria population (Amaro et al. 2013 ). In the tests for inhibition of mutagenicity induced by aflatoxin B 1 (AFB 1 ), benzo[a]pyrene (BaP), 2-amino-3-methylimidazo [4,5-f]quinolone (IQ), and cyclophosphamide (CP) in histidine-deficient strains of Salmonella typhimurium, it was found that torularhodin had a weak activity: the maximum inhibition did not exceed 40% (Rauscher et al. 1998) . There are some studies that relate damaging effects of carotenoids in chronic doses, especially in the populations considered at "risk", like smokers (Elliott 2005). Apparently antioxidant molecules reduce the expression of genes involved in the endogenous system of protection against free radicals, suppressing the signalization of tumor cells, allowing them to proliferate (Sayin et al. 2014 ). In the case of torulene and torularhodin, those studies are still in course (Zoz 2014) .
PRODUCTION OF TORULENE AND TORULARHODIN
Torulene and torularhodin may be produced in suitable liquid cultures. During the cultivation of carotenogenic microrganisms, maximum torulene and torularhodin production seemed to occur after the exponential phase (Buzzini and Martini 1999) . On the study of kinetics of Rhodotorula aurantiaca production of pigments was evaluated, it was possible to identify that torulene and torularhodin were produced significant amounts: torulene (73 µg/g) at the logarithmic phase and torularhodin (130 µg/g) at stationary phase (Bonaly and Malenge 1968) . Torulene and torularhodin are intracellular pigments in all the producer microorganisms, and being fat-soluble compounds they are found in the lipid-rich regions of the cell (Rumi Jr. et al. 2001 ).
The amount produced depends highly on the microorganism and on the medium chosen, as shown in Table 3 . The carotenoid pigments produced by R. graminis DB-VPG 7021 were identified as carotene (50.3% of total carotenoids), carotene (15.4%), torulene (22.7%) and torularhodin (11.6%) by comparison of their chromatographic and UV-VIS spectroscopic properties (Buzzini et al. 2005) . These pigments are often produced in batch fermentations. The process takes 5-7 days at 27º to 30°C (Buzzini and Martini 1999) . Light and darkness are very important factors that affect the carotenogenesis. In a 1968 study with Epicoccum nigrum, it was observed that the total amount of carotenoids produced in darkness were 5% higher per gram of dry weight, compared to normal growth conditions at 110 lux. The carotenoid content was about 7% higher at 2000 lux and about 25% higher at 2500 lux, with a tendency towards the more highly oxygenated carotenoids. In E. nigrum, light act as an inhibitor of carotenogenesis, or as a destroyer of synthesized pigments (Gribanovski-Sassu and Foppen 1968) . Weak white light also affected the growth and stimulated carotenogenesis in R. glutinis (Sakaki et al. 2001) . After 72 h normal cultures contained carotene, carotene, rhodoxanthin and torularhodin, whereas the addition of diphenylamine for only 5 h resulted an extremely rapid production of phytoene, and to some extent, of lycopene, and a complete loss of rhodoxanthin and torularhodin (Foppen and Gribanovski-Sassu 1969) . A similarly study reported both carotene and torularhodin present in the diphenylamine plus carotene-supplemented cells, although the amount of torularhodin was approximately 20% of that of carotene (Moore et al. 1989) . Lower temperatures seemed to favor the synthesis of carotene and torulene whereas higher temperatures positively influenced torularhodin synthesis. Particularly, significant differences (P<0.01) were found between 25°C and 30°C (Buzzini and Martini 1999) . The increase 25 to 30°C resulted reduction in carotene from 16 to 9.3% and torulene from 18 to 9.4% of the total carotenoids, while torularhodin increased from 60.1 to 78.7%. Ultraviolet light irradiation causes effects on carotenogenesis too. In a study cell damage of Rhodotorula glutinis was evaluated based on leakage of lactate dehydrogenase (LDH) into the cultivation medium. The cells were incubated for 3 to 5 days at 30°C with reciprocal shaking at 120 rpm with a 5 cm span, with illumination from a fluorescent lamp, with the wavelength controlled using color filters. In the examination of tolerance to active oxygen species, MB (methylene blue) was added to the medium as a generator of singlet oxygen. LDH activity in the cultivation medium was determined before and after the addition of MB. After irradiation with ultraviolet light, a reddish colony, which exhibited a color tone markedly deeper than that of the parent strain, was obtained. Torularhodin production was about four times that of the parent strain. It was suggested that torularhodin producing mutants exhibited resistance to oxidative stress due to the addition of MB (Sakaki et al. 2000) . Another similar study was done with Sporobolomyces ruberrimus and Cystofilobasidium capitatum, where pigmented strains of these yeasts had a higher survival when compared with albino strains of the same species, after UV irradiation, also with an increase on the production of torularhodin (Moliné et al. 2009 ). The parent yeast, R. glutinis no. 21, was proven capable of increasing the production of torularhodin when incubated under an oxidative stress by aeration. These findings reflect a priority for torularhodin synthesis under an oxidative load in a test strain biosynthesizing carotene and torularhodin (Sakaki et al. 2000) . The increase in torularhodin depends not only on the number of yeast cells exposed to light irradiation but may also be affected by their physiological conditions (Sakaki et al. 2001) . The supplementation of culture media with Cu(II) as CuSO 4 produced a remarkable change in pigmentation intensity of R. mucilaginosa RCL-11. The addition of 0.5 mM CuSO 4 to the culture medium produced a two-fold increase in carotenoid synthesis, from 1.7 mg.l −1 in the control culture to 3.3 mg.l −1 with the copper supplementation. Carotenoid production of R. mucilaginosa RCL-11 is related to specific responses to different stress conditions. Heavy metal addition not only changed the concentration but also the relative profile of the carotenoids synthesized by R. mucilaginosa RCL-11. However, the modification of the culture conditions, i.e., the addition of heavy metals such as copper, could be a promising way to increase the yield of these compounds by the microorganisms for which molecular techniques have not been developed. The connection between the carotenoid biosynthesis and the oxidative stress response of R. mucilaginosa RCL-11 triggered by the heavy metal exposure is highlighted by the modification of the carotenoid profile when the yeast cells are cultured with copper and hydrogen peroxide. The examination of the relative pigment proportions shows that under Cu(II) exposure, the relative percentage of torulene and the appearance of γ-carotene are favored in detriment of carotene. When yeast cultures were supplemented with H 2 O 2 alone, the main changes observed were related to the total carotenoid amount, the detection of the precursor γ-carotene, and inverted percentages between torularhodin and torulene. It is, therefore, possible that this stressor not only induces the changes in the amounts of the carotenoids, but also in a specific carotenoid response (Irazusta et al. 2013) . A problem for the maximization of biosynthesis of a specific ketocarotenoid is the formation of byproducts. The more functional groups are introduced into γ-carotene and torulene, the more intermediates and other end products can be expected (Sandmann et al. 2006) . In order to produce TR and TRA more economically, it is necessary to increase the intracellular carotenoid concentration, use low-cost culture media (i.e. utilizing industrials wastes), increase the efficiency of extraction and direct the biosynthetic pathway towards torulene (Maldonade et al. 2008 ).
Extraction of torulene and torularhodin
The carotenoid pigments of yeasts accumulate in lipid droplets and can thus be extracted with a variety of organic solvents. The efficient extraction of the intracellularly produced carotenoids of R. glutinis may require efficient disruption of the rigid cell wall of the yeast. Acid treatment may be used to disrupt the cellular membranes of yeast cells. However, acid treatment may result in considerable carotenoid damage. Other carotenoid extraction methods based on enzymatic cell wall disruption and supercritical carbon dioxide extraction have also been reported (Park et al. 2007 ). The differences in the extraction results may be attributed to differences in (i) the ability of a given solvent to permeabilize the yeast cell wall and/or (ii) the solubility of carotenoids in a given solvent (Park et al. 2007 ). When multiple solvents were used together to disrupt the cell wall of R. glutinis and thus release the cellular carotenoid pigments, they demonstrated a synergistic effect on the extent of carotenoid recovery. The three solvents tested, namely, dimethyl sulfoxide, petroleum ether, and acetone, were adequate for the extraction of carotenoids (Park et al. 2007 ). The same conclusion was obtained by Kaiser et al. (2007) using the same microorganism, R. glutinis, that for a better disruption of yeasts cells and pigments recovery, a mixture of various solvents is the better choice. The optimum combination of the three solvents improved the extent of carotenoid recovery compared with individual solvents (Park et al. 2007 ). Other mechanism for the extraction of these pigments is a combination of a solvent (DMSO) with a mechanic method of cell disruption, like agitation of the material with treated sand (Squina and Mercadante 2003) . Carotenoids from R. glutinis produced in seawater medium are reportedly of easy extraction, without mechanical disintegration of the cell mass, due to the pH of the medium (Bhosale and Gadre 2001) . Early experiments were made upon yeast pigment recovery by centrifugal partition extraction. A 91% recovery of torularhodin of R. rubra was obtained in few minutes. The technique did not require a preliminary drying, as often described for hydrophobic compounds extraction. As apparatuses volumes go from 50 mL to several liters, the technique is adequate for sample preparation (metabolites analysis from crude bio products) up to larger scale downstream processes for the direct extraction of fractions at the bioreactor outlet. The biphasic system used for the extraction is hexane/water with acetone as the "bridge solvent". The Hex/ACO/W (v/v/v) composition of the stationary phase and the mobile phase were 29/71/0 and 2/62/36, respectively. The wet biomass (40 g) (7.16 g dry weight) obtained by the biosynthesis was mixed with 73 mL water, 126 mL acetone and 4 mL hexane, and the solvent stationary phase was 89 mL acetone and 216 mL hexane. The extraction was performed in the descending mode (Ungureanu et al. 2012) .
Purification of torulene and torularhodin
For purification of these sensible molecules, chromatography is the method most utilized. There are many variations of the mobile phases: 10% acetone to elute torulene and 20% do total to elute torularhodin, for example (Valadon and Cooke 1962) . Torularhodin of E. nigrum could be identified by its very strong absorbance on Florisil and alumina columns as an acidic carotenoid. The solvents used were Hexane: Acetone 90:10 (Gribanovski-Sassu and Foppen 1966). It is believed that a simple HPLC-chromatographic method is sufficient because most yeast tend to produce only a limited number of carotenoids. Separation of the carotenoids of different polarity has been achieved using a common C 18 stationary phase and a plain water/acetone gradient as the mobile phase ). Large-scale processes for the production of these pigments are not yet described in the literature.
USES OF TORULENE AND TORULARHODIN
Probably because torulene and torularhodin have not been detected in foods, their possible effects on human health have not been studied yet (Maldonade et al. 2008) . However, if the structural characteristics of the molecules of these pigments are characterized, and considering its proven activity as pro-vitamin A and antioxidants, and its possible activities as antitumoral or immunoenhancer, it is clear that these substances may be used as food, feed and cosmetic additives. In fact, there are species of yeasts that contain these pigments, like Rhodotorula, that are used for animal feeding (e.g. chicken feed, where the yeast aids in increasing body fat, gives better appearance and increases the nutritional properties of the meat) (Castelo Branco 2010). As a pigment, torulene might be used in the same way as other hydrocarbon carotenoids such as beta carotene or lycopene, thus being a novel red hue to be used as an additive. Torularhodin, at the other side, is an acidic carotenoid and might be used in the same way as bixin and norbixin, the major carotenoids of annatto extract; an obvious use would as a substitution of these in meat products. As an antioxidant, torulene and torularhodin could be used in the same way as potent carotenoid antioxidants such as astaxanthin and lycopene, and again torularhodin could be of advantage in specific formulations because of its carboxyl group, which may enhance its solubility in aqueous formulations.In any of these cases, the technology for formulation of the carotenoids would be the same that already existed for other carotenoids: solutions of the extract in edible oils, oil-in-water emulsions of the pigments, dispersible powders (De Carvalho et al. 2014) .
CONCLUSION
Torulene and torularhodin may have important future uses, but much research is still needed for these and other carotenoids. Their metabolic roles in the microorganisms have not yet been fully clarified, nor has their nutraceutical effect in humans. Recently, a novel function of carotenoids in humans, the inhibition of melanin synthesis, has been reported. Studies on the applications torularhodin are expected to be carried out in the future (Sakaki et al. 2001) . Several other carotenoids are important molecules for the pharmaceutical, chemical and food industries, and the specific characteristics torulene and especially torularhodin -and acidic carotenoid -are traits that may ensure its place as industrial additives. For that to happen, the production should be enhanced -and the mutagenesis of the pigmented yeast has been proposed to obtain over-producing strains (Irazusta et al. 2013) . At the same time, the evaluation of the physiological effects of these carotenoids will show whether they are safe or not as food and cosmetic additives.
